Glucose-6-phosphate isomerase (phosphoglucose isomerase [PGI]) (EC 5.3.1.9) from the hyperthermophilic archaeon Pyrococcus furiosus was purified 500-fold to homogeneity. The enzyme had an apparent molecular mass of 43 kDa and was composed of a single type of subunit of 23 kDa indicating a homodimeric (␣ 2 ) structure. Kinetic constants of the enzyme were determined at the optimal pH 7 and at 80°C. Rate dependence on both substrates followed Michaelis-Menten kinetics. The apparent K m values for glucose-6-phosphate and fructose-6-phosphate were 8.7 and 1.0 mM, respectively, and the corresponding apparent V max values were 800 and 130 U/mg. The enzyme had a temperature optimum of 96°C and showed a significant thermostability up to 100°C, which is in accordance with its physiological function under hyperthermophilic conditions. Based on the N-terminal amino acid sequence of the subunit, a single open reading frame (ORF; Pf_209264) was identified in the genome of P. furiosus. The ORF was characterized by functional overexpression in Escherichia coli as a gene, pgi, encoding glucose-6-phosphate isomerase. The recombinant PGI was purified and showed molecular and kinetic properties almost identical to those of the native PGI purified from P. furiosus. The deduced amino acid sequence of P. furiosus PGI did not reveal significant similarity to the conserved PGI superfamily of eubacteria and eucarya. This is the first description of an archaeal PGI, which represents a novel type of PGI.
Glucose-6-phosphate isomerase, or phosphoglucose isomerase (PGI) (EC 5.3.1.9), catalyzes the reversible isomerization of glucose-6-phosphate (G-6-P) to fructose-6-phosphate (F-6-P). PGI plays a central role in the sugar metabolism of members of the domains Bacteria and Eucarya, both in glycolysis via the Embden-Meyerhof (EM) pathway and in gluconeogenesis, where the enzyme operates in the reverse direction (29, 31) .
In the Archaea domain, PGI was first demonstrated to be part of the gluconeogenetic pathways in various species of lithoautotrophic methanogens and in the sulfur-reducing lithoautotrophic Thermoproteus species (15, 35, 43, 51) . In recent years, the pathways of sugar degradation have been studied in various hyperthermophilic archaea (44) , such as the Euryarchaeota Pyrococcus furiosus and Thermococcus celer and the Crenarchaeota Desulfurococcus amylolyticus and Thermoproteus tenax. These hyperthermophiles have been found to degrade glucose, maltose, cellobiose, and starch via modified versions of the EM pathway. The modified pathways differ from the conventional EM pathway by the involvement of novel kinases, such as ADP-dependent hexokinase and ADP-dependent 6-phosphofructokinase (6-PFK), in P. furiosus and T. celer and of unusual enzymes of glyceraldehyde-3-phosphate oxidation, such as glyceraldehyde:ferredoxin oxidoreductase, inP.furiosus,T.celer,andD.amylolyticusandnonphosphorylating NAD ϩ -reducing glyceraldehyde 3-phosphate dehydrogenase in T. tenax (5, 11, 17, 22, 38, 42) . However, all these modified EM pathways involve the activity of a PGI catalyzing the isomerization of glucose-6-phosphate to fructose-6-phosphate.
PGIs have been purified and biochemically characterized for a variety of eucarya and bacteria. The genes encoding PGIs from various species have been cloned and sequenced, and crystal stuctures have been determined for the eukaryotic PGIs from pig, rabbit, and the bacterium Bacillus stearothermophilus (27, 29, 31, 41, 45) . Multiple alignments of PGIs ranging from bacteria to mammals revealed two regions of conserved amino acids. These were assigned as signature patterns for the PGI superfamily (3) .
To date, a PGI and its coding gene from the domain of archaea have not been characterized. During our studies of the sugar metabolism of the hyperthermophilic archaeon P. furiosus, high PGI activities have been detected both in maltosegrown cells and in pyruvate-grown cells, which perform gluconeogenesis (36, 37, 40) .
Despite the fact that P. furiosus contained high activities of PGI, a gene showing significant similarity to the conserved PGI superfamily of eubacteria and eucarya could not be identified in the complete sequenced genomes of P. furiosus (website of Center of Marine Biotechnology UMBI, University of Maryland, for Blast archaeal genome sequences [http://combdna .umbi.umd.edu/bags.html#PfurInfo]), Pyrococcus horikoshii (21) , and Pyrococcus abyssi (Pyrococcus abyssi home page at Genoscope [http://www.genoscope.cns.fr./Pab/]). This finding suggests that the PGI of P. furiosus might be significantly different from all known PGIs analyzed so far.
In this paper we report the purification and characterization of PGI from P. furiosus. The encoding gene, pgi, was identified and functionally expressed in Escherichia coli. The data indicate that this first characterized PGI from the domain of archaea represents a novel type of PGI, which is not related to the conserved PGI superfamily of bacteria and eucarya.
Protein was desorbed at a flow rate of 2 ml/min with two decreasing gradients, from 2 to 1.5 M and 1.5 to 0 M (NH 4 ) 2 SO 4 , in buffer C (600 ml). The fractions containing the highest PGI activity [45 ml, 1 to 0.8 M (NH 4 ) 2 SO 4 ] were pooled and concentrated to a volume of 2 ml by ultrafiltration (exclusion size, 10 kDa). The concentrated protein solution was applied to a Superdex 200 gel filtration column (60 by 1.6 cm) equilibrated with 50 mM Tris-HCl, pH 7.5, containing 100 mM NaCl. Protein was eluted at a flow rate of 1 ml/min. The PGI-containing fractions were recovered between 77.5 and 85.5 ml and were pooled and applied to a Uno Q1 column (1 ml) equilibrated with 20 mM Tris-HCl, pH 9 (buffer D). Protein was eluted at a flow rate of 1 ml/min with a linear gradient of 0 to 0.5 M NaCl (15 ml). The fractions containing the highest PGI activity were eluted between 0.23 and 0.28 M NaCl. At this stage PGI was essentially pure. Purified PGI was stored in 1-ml fractions at Ϫ20°C. Under these conditions enzyme activity remained nearly constant for several months.
Analytical assays. The purity of the preparations was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 14% gels followed by staining with Coomassie brilliant blue R 250 according to standard procedures (23) . Protein concentrations were determined by the method of Bradford (4) with bovine serum albumin as the standard. Gel filtration chromatography was carried out at ambient temperature on a Superdex 200 column (50 mM Tris-HCl, 150 mM NaCl, pH 7.0; 1 ml/min).
Determination of N-terminal amino acid sequence. The purified protein was analyzed on a 13% polyacrylamide gel in the presence of 6 M urea following the procedure of Schaegger and von Jagow (34) . Blotting onto a polyvinylidene difluoride membrane and N-terminal microsequencing on a model 473A sequencer (Applied Biosystems) were carried out as previously described (26) .
Enzyme assays and determination of kinetic parameters. Since the enzyme activity was not sensitive to oxygen, all assays were performed under oxic conditions. The PGI activity (G-6-P º F-6-P) was determined in both directions, using either a discontinous assay at 50 to 96°C or a continuous assay at 50°C or below. With both assay systems similar results were obtained at 50°C.
(i) Discontinuous assays. In all discontinuous assays initial velocities were investigated in parallel assays stopped at different time intervals. The velocity remained linear for a ⌬E up to 1.0 to 1.5 (except assays above 50°C and those at low substrate concentrations). One unit of PGI activity is defined as either the conversion of 1 mol of G-6-P to F-6-P (forward reaction) or the formation of 1 mol of F-6-P from G-6-P (reverse reaction). The auxiliary enzymes in all assays were routinely tested to ensure that they were not rate limiting; the units given were according to the specifications of the manufacturer, except for ADP-PFK.
The formation of F-6-P was measured by coupling it to the oxidation of NADH via PFK, F-1,6-BP aldolase, triosephosphate isomerase (TIM), and glycerolphosphate-dehydrogenase. The standard assay mixture (250 l) contained 50 mM Tris-HCl (pH 7.0; 80°C), 20 mM G-6-P, 2.5 mM ADP, 5 mM MgCl 2 , and 5 U of ADP-PFK (80°C). After preincubation at 80°C, the reaction was started a Enzyme activity was measured in a continuous assay at 50°C in the direction of glucose-6-phosphate formation (see Materials and Methods).
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with an aliquot of PGI (0.18 g of enzyme), which was incubated for 1 to 4 min and stopped by rapid addition of 750 l of ice-cold stop solution (50 mM Tris-HCl [pH 7 at 25°C], 0.5 mM NADH, 0.9 U of F-1,6-BP aldolase, 5 U of TIM, 1.5 U of glycerol-phosphate-dehydrogenase), and the oxidation of NADH at 365 nm was measured exactly 5 min later. The formation of G-6-P was investigated at 80°C by coupling it to the reduction of NADP ϩ via glucose 6-phosphate dehydrogenase (GPDH). The standard mixture (250 l) contained 50 mM Tris-HCl (pH 7.0, 80°C). After preincubation at 80°C, the reaction was started with an aliquot of PGI (0.18 to 0.5 g of enzyme), was incubated for 0.25 to 8 min, and was stopped by rapid addition of 750 l of ice-cold stop solution (50 mM Tris-HCl [pH 7 at 25°C], 0.5 mM NADP ϩ , 0.2 U of GPDH) to a final volume of 1 ml. The reduction of NADP ϩ was measured at 365 nm exactly 5 min later.
(ii) Continuous assays. The formation of F-6-P from G-6-P was determined by measuring NADH oxidation in an assay mixture containing 100 mM Tris-HCl (pH 7.0), 40 mM G-6-P, 3 mM ATP, 5 mM MgCl 2 , 0.5 mM NADH, 1 U of PFK, 1 U of FBP aldolase, 50 U of TIM, and 9 U of glycerol-3-phosphate dehydrogenase. The formation of G-6-P from F-6-P was determined by monitoring the reduction of NADP ϩ in an assay mixture containing 100 mM Tris-HCl (pH 7), 10 mM F-6-P, 0.5 mM NADP ϩ , and 0.3 U of GPDH. This assay was used to determine PGI activity during the purification procedure.
pH dependence and substrate specificity. The pH dependence of the enzyme was measured in the direction of both G-6-P formation from F-6-P (10 mM) or F-6-P formation from G-6-P (10 mM) between 5.4 and 9.3 at 50°C in the coupled assays described above using either morpholineethanesulfonic acid (pH 5.4 to 5.8), bis-Tris-propane (pH 6.2 to 7.0), Tris-HCl (pH 6.8 to 8.5), or glycine (pH 8.3 to 9.3) at a concentration of 100 mM each. For the test of substrate specificity for sugars, F-6-P and G-6-P were exchanged for fructose and glucose.
Temperature dependence and thermal stability. The temperature dependence of the enzyme activity was measured between 20 and 100°C in 50 mM potassium phosphate, pH 7.0, at the respective temperature. The activity was measured in the direction of G-6-P formation by using 10 mM F-6-P and 0.35 g of PGI. The thermostability of the purified enzyme (36 g in 50 l of 50 mM potassium phosphate, pH 7.0) was tested in sealed vials, which were incubated at temper-FIG. 2. Rate dependence of PGI purified from P. furiosus on the glucose-6-phosphate concentration at 80°C. The insert shows a double reciprocal plot of the rates versus the corresponding substrate concentrations. Enzyme activity was measured in the discontinuous assay system (see Materials and Methods). The assay mixture contained 0.18 g of enzyme.
FIG. 3. Effect of temperature on the specific activity of the PGI purified from P. furiosus. (A) Temperature dependence of the specific activity. (B) Arrhenius plot of the same data. Enzyme activity was measured in the direction of glucose-6-phosphate formation using either the continuous assay for temperatures below 50°C (‚) or the discontinuous assay system for temperatures above 50°C (F) (see Materials and Methods). The assay mixture contained 0.35 g of enzyme.
atures between 70 and 100°C up to 180 min, as indicated. The vials were then cooled on ice for 3 min, and the remaining enzyme activity was tested at 50°C by using 10 mM F-6-P in the continuous enzyme assay and was compared to that of unheated controls.
Identification and cloning of ORF encoding PGI from P. furiosus. Based on the N-terminal amino acid sequence, one open reading frame (ORF) was identified by a BLAST search (2) in the complete sequenced genome of P. furiosus (UMBI database [see above]) (26 out of 28 amino acids were identical). The ORF was characterized as the gene, pgi, encoding PGI by cloning and functional overexpression in E. coli as follows. The putative pgi gene was amplified from the genomic DNA of P. furiosus as a template by PCR by using Pwo polymerase with the primers 5ЈCTCGTGGTGCATATGTATAAGGAACTTTT3Ј (forward) and 5ЈTAACATTGTCCAGTTAACTACTTT-TTCCACC3Ј (reverse). For the addition of 5ЈT overhangs, the PCR product was incubated with Taq polymerase for 5 min at 72°C and then was cloned into pBAD via a linearized vector activated with topoisomerase I. The resulting vector pBAD-pgi contained an additional 18-amino-acid N-terminal leader sequence (MGSGSGNNNNKLALLVVH). The vector pBAD-gpi was transformed into E. coli BL21(DH10B) cells. The inserted gene sequence, as well as its orientation, was confirmed on each strand by the Sanger method (33) .
Functional overexpression of the pgi gene in E. coli and purification of recombinant P. furiosus PGI. Cells were grown in 400 ml of Luria-Bertani medium at 37°C to an optical density at 600 nm of 0.8, and PGI expression was initiated by induction of the araC promotor following the addition of 0.2% L-arabinose. After 4 h of further growth, the cells were harvested by centrifugation at 4°C and were washed in 50 mM Tris-HCl, pH 7.0, containing 50 mM NaCl. The pellet was frozen at Ϫ20°C. Cell extracts were prepared by French press treatment of cell suspensions in buffer E (50 mM NaCl, 50 mM Tris-HCl [pH 7.0, 80°C]). After centrifugation (100,000 ϫ g for 60 min), the solution was heat precipitated at 80°C for 30 min and centrifuged again. Homogeneous enzyme preparation was achieved by chromatography on phenyl-Sepharose, a Superdex gel filtration column, and Uno Q1, as described below for the purification of native PGI from P. furiosus.
Sources of materials. All commercially available chemicals used were of reagent grade and were obtained from Merck (Darmstadt, Germany), Fluka (Buchs, Switzerland), or Sigma (Deisenhofen, Germany). Yeast extract and peptone were from Difco (Stuttgart, Germany). Enzymes and coenzymes were from Roche Diagnostics (Mannheim, Germany), peQlab (Erlangen, Germany), and GIBCO BRL Life Technologies (Eggenstein, Germany). Gases were from Linde (Hamburg, Germany). P. furiosus (DSM 3638) was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Germany). All fast protein liquid chromatography material (Q Sepharose Hiload, phenyl-Sepharose Hiload, and Uno Q) and columns used were from Pharmacia (Freiburg, Germany), and Bio-Rad (Munich, Germany). Linearized pBAD vector activated with topoisomerase I as well as E. coli BL21(DH10B) were purchased from Invitrogen (Groningen, The Netherlands).
RESULTS

Purification of PGI.
PGI was purified aerobically from cell extracts of P. furiosus by four purification steps involving anion exchange chromatography on Q Sepharose, hydrophobic interaction chromatography on phenyl-Sepharose, gel filtration on Superdex 200, and anion exchange chromatography on Uno Q1. By this procedure the enzyme was purified about 500-fold to a specific activity of 35 U/mg (at 50°C; fructose-6-phosphate as substrate) with a yield of 33% (Table 1 ). The purified protein was electrophoretically homogeneous as judged by denaturing SDS-PAGE (Fig. 1A) . Thus, PGI represents about 0.2% of the cellular protein of P. furiosus. FIG. 4 . Thermostability of PGI purified from P. furiosus enzyme (1.8 g) was incubated in 50 l of 50 mM potassium phosphate buffer, pH 7.0, at 70°C (ᮀ), 80°C (‚), 90°C (F), and 100°C (E). At the times indicated, 15-l aliquots were withdrawn and assayed for remaining activity at 55°C in the direction of glucose-6-phosphate formation. One hundred percent activity corresponded to the specific activity of PGI of 30 U/mg.
FIG. 5.
Multiple sequence alignment of deduced amino acid sequences of PGI from P. furiosus and of putative PGI from P. horikoshii (21) (PH1956) and P. abysii (Genoscope database; see above) (PAB1199). The sequence of PH1956 (192 amino acids) was truncated by 3 amino acids due to the identification of a putative ribosome binding site (TGGTGA) between bp Ϫ3 to Ϫ8 upstream of the start codon ATG.
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NOVEL PGI FROM HYPERTHERMOPHILIC ARCHEON P. FURIOSUSMolecular and catalytic properties. The apparent molecular mass of native GPI was determined by gel filtration on Superdex 200 and was approximately 41 kDa. SDS-PAGE revealed only one subunit with an apparent molecular mass of 23 kDa (Fig. 1A) , indicating a homodimeric (␣ 2 ) structure of the native enzyme.
Kinetic constants of purified PGI were determined for both reaction directions (glucose-6-phosphate and fructose-6-phosphate). The rate dependence of the enzyme on G-6-P and on F-6-P followed Michaelis-Menten kinetics. At 80°C the apparent K m values for G-6-P and F-6-P were 8.7 mM (Fig. 2 ) and 1.0 mM; the corresponding apparent V max values were 800 and 130 U/mg, respectively. The pH optimum of PGI was at pH 7 for both reaction directions. About 50% of the activity was found at pH values 6 and 8. Purified PGI did not utilize glucose and fructose as substrates, indicating that the enzyme is specific for the phosphorylated hexoses.
Temperature optimum and stability. The temperature dependence of PGI is shown in Fig. 3 . At 40°C the enzyme showed little activity, which, however, increased exponentially above 55°C, showing an optimum at 96°C (Fig. 3A) . Enzyme activities at higher temperatures could not be measured accurately due to the decomposition of the substrate F-6-P. From the linear part of the Arrhenius plot between 20 and 96°C (Fig.  3B) , an activation energy of 50 kJ/mol was calculated. The temperature stability of PGI was tested between 70 and 100°C in 50 mM potassium phosphate buffer (pH 7) by incubating the enzyme up to 180 min. The enzyme exhibited extremely high stability against thermal inactivation under these conditions. At 70 and 80°C PGI did not lose significant activity during incubation up to 180 min. Even at 100°C the enzyme had a half-life of about 90 min (Fig. 4) .
Identification and cloning of gene encoding PGI from P. furiosus and functional overexpression in E. coli. Based on the N-terminal amino acid sequence determined for the 23-kDa subunit, MYKEPFGVKVDFETGIIEGAKKXVRRLP, a single ORF (Pf_209264) was identified in the genome of P. furiosus which exactly matches the 28 N-terminal amino acid residues with the exception of the two amino acids underlined. The ORF was characterized as the gene, pgi, encoding PGI from P. furiosus by its functional overexpression in E. coli (see below). The pgi gene (Pf_209264) contains 570 bp coding for a polypeptide of 189 amino acids with a calculated molecular mass of 23.3 kDa. The coding sequence starts with ATG and stops with TAG (Fig. 5) . Immediately upstream of the initiation codon of the pgi gene, a putative ribosome binding site with the sequence TGGTGA was found. An archaeal promoter site, TATA boxes (18), could not be detected.
The coding function of the ORF (Pf_209264) as pgi gene was proved by functional overexpression in E. coli. The ORF was amplified by PCR and cloned into vector pBAD-pgi and transformed into E. coli BL21(DH10B). After induction with 0.2% arabinose, a polypeptide of 25 kDa was overexpressed, showing thermoactive PGI activity. The recombinant PGI was purified from transformed E. coli about 50-fold by heat treatment and chromatography on phenyl-Sepharose, Superdex, and Uno Q1. As shown in Fig. 1B and Table 2 , PGI purified from both P. furiosus and transformed E. coli showed almost identical molecular and kinetic properties. The apparent molecular mass of the subunit of recombinant PGI (25 kDa), as judged by SDS-PAGE (Fig. 1B) , was 2 kDa larger than that of the native enzyme due to the presence of 18 additional N-terminal amino acids in the expression vector used (see Materials and Methods). Gel filtration of recombinant PGI revealed a single peak at about 45 kDa, indicating a dimeric structure. The temperature optimum (96°C) and thermostability as well as the kinetic constants (K m , V max ) for G-6-P and F-6-P were virtually identical for both native and recombinant PGI.
DISCUSSION
In this report we describe the purification and characterization of the first archaeal PGI and its encoding gene from the hyperthermophile P. furiosus. The enzyme represents a novel a The molecular mass of native enzyme was determined by gel filtration of subunits by SDS-PAGE. The apparent K m values and V max values were determined at 80°C in a discontinuous assay in the direction of F-6-P formation and G-6-P formation. (14) , pig (7), rabbit (20) , and human (12) type of PGI, probably forming a separate branch of PGI evolution.
The P. furiosus PGI has a native molecular mass of about 43 kDa and was composed of a single 23-kDa subunit, indicating a homodimeric structure. This oligomeric structure is a typical property of most characterized PGIs from eubacteria and eucarya. Exceptions are the PGIs from two thermophilic Bacillus species, B. stearothermophilus and Bacillus caldotenax, which have been shown to be homotetrameric enzymes (see Table 3 ).
However, the PGI from P. furiosus differs significantly from all known PGIs in various aspects. First, the subunit size of 23 kDa is significantly smaller than that of other PGIs, which are composed of subunits ranging from 34 to 64 kDa (Table 3) . Second, PGI from P. furiosus showed a temperature optimum at 96°C, which is the highest value of all PGIs characterized so far. Furthermore, the enzyme exerts a high thermostability: it did not lose significant activity (Ͻ20%) upon incubation at 80°C for 120 min. In contrast, PGIs from the thermophilic Bacillus strains, B. stearothermophilus and B. caldotenax, had temperature optima of 70 and 77°C, respectively; both PGIs were inactivated by about 50% upon incubation at 65°C for 120 min (28, 46) . The extremely high temperature optimum of activity and thermostability of P. furiosus PGI is in accordance with its function under the hyperthermophilic growth conditions of P. furiosus (13) .
Third, the amino acid sequence of P. furiosus PGI did not show significant similarity to all known PGI sequences of eubacteria and eucarya. The amino acid sequence was deduced from the encoding pgi gene, which was identified via the following procedure. Based on the N-terminal amino acid sequence of the subunit of purified PGI, a single ORF was detected in the P. furiosus genome (UMBI database [see above]). The function of this ORF as a gene coding for PGI in P. furiosus was proved by its heterologous overexpression in E. coli. Biochemical properties of PGI isolated from P. furiosus and from transformed E. coli were almost identical ( Table 2 ).
To date, a variety of PGI sequences are known from both bacteria and eucarya. Sequence comparison revealed that two consensus patterns of amino acids,
are almost completely conserved within all PGIs and have therefore been assigned as signature patterns of a PGI superfamily (3, 19) . A multiple sequence alignment of selected PGIs from the bacteria B. stearothermophilus B and E. coli, as well as from the eucarya, pig, rabbit, and human, is given in Fig. 6 . The two consensus patterns are highlighted by boxes. Those amino acid residues which represent putative substrate-binding sites, as concluded from the crystal structures of the B. stearothermophilus PGI (45) , are shaded. This alignment includes the deduced amino acid sequence of a hypothetical PGI from the archaeon Methanococcus jannaschii (401 amino acids) deduced from the ORF (MJ1605) in the genome of M. jannaschii (6) . This hypothetical PGI showed a similarity of 48% to the PGI of B. stearothermophilus and contained two amino acid sequences, which were almost identical to the signature patterns of the PGI superfamily. Therefore, this putative PGI might represent an archaeal member of the PGI superfamily. However, a final proof of this hypothetical PGI as an active enzyme in the sugar metabolism of M. jannaschii remains to be shown.
The PGI sequence of P. furiosus (Fig. 5) did not show significant overall similarity (9 to 12%) or identity (3 to 6%) to the PGIs characterized so far. Furthermore, the P. furiosus PGI did not contain the two typical amino acid signature sequences of the PGI superfamily (3, 19) , and putative substratebinding sites (45) could not be identified (Fig. 6) . Thus, the PGI of P. furiosus is significantly different from the enzymes of the PGI superfamily. In addition, BLAST search analysis did not reveal hypothetical proteins with similarity to the P. furiosus PGI in other archaea for which genome sequences are available to date. The P. furiosus PGI sequence does, however, show a high degree of identity (84 to 89%) with deduced hypothetical proteins identified by a BLAST search from the other Pyrococcus species (UMBI database [see above] and Genoscope database [see above]) P. horikoshii (PH1956; 89%) and P. abysii (PAB1199; 84%). This indicates the presence of homologous genes coding for PGI in these Pyrococcus strains. The unusual amino acid sequence of the Pyrococcus PGI explains why in a previous study (10) a PGI could not be annotated in the P. horikoshii genome by sequence comparison with known PGIs.
In summary, the unique amino acid sequence of P. furiosus PGI indicates that the enzyme constitutes a novel type of PGI possibly forming a separate branch of PGI evolution. Currently, studies of this novel isomerase are in progress, including crystallization of the enzyme and analysis of the structurefunction relationship, to elucidate the reaction mechanism in comparison with the established PGIs for which high-resolution crystal stuctures are available, i.e., from B. stearothermophilus (45) and from rabbit (20) .
Recent data indicate that the enzymes of the PGI superfamily exhibit a high degree of structural and functional relationship to several important proteins from eukaryotes, e.g., neuroleukins, certain cytokines, and maturation factors, which are involved in cell functions such as cell growth and differentiation (12, 50) . Recently, functional homology of a prokaryotic PGI, from B. stearothermophilus, has been demonstrated by showing PGI-induced stimulation of the cell motility of cancer cells (45) . Thus, the known PGIs constitute a multifunctional protein family exhibiting a broader spectrum of enzyme functions than their established catalytic activity in sugar metabolism. It will be interesting to test the effect of the novel type of PGI from P. furiosus, which is not related to the PGI superfamily, with respect to its effect on the above-mentioned eukaryotic cell functions.
